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[1] Martian aeolian dunes preserve a record of atmosphere/surface interaction on a
variety of scales, serving as ground truth for both Global Climate Models (GCMs) and
mesoscale climate models, such as the Mars Regional Atmospheric Modeling System
(MRAMS). We hypothesize that the location of dune fields, expressed globally by
geographic distribution and locally by dune centroid azimuth (DCA), may record the
long-term integration of atmospheric activity across a broad area, preserving GCM-scale
atmospheric trends. In contrast, individual dune morphology, as expressed in slipface
orientation (SF), may be more sensitive to localized variations in circulation, preserving
topographically controlled mesoscale trends. We test this hypothesis by comparing the
geographic distribution, DCA, and SF of dunes with output from the Ames Mars GCM
and, at a local study site, with output from MRAMS. When compared to the GCM:
1) dunes generally lie adjacent to areas with strongest winds, 2) DCA agrees fairly well
with GCM modeled wind directions in smooth-floored craters, and 3) SF does not
agree well with GCM modeled wind directions. When compared to MRAMS modeled
winds at our study site: 1) DCA generally coincides with the part of the crater where
modeled mean winds are weak, and 2) SFs are consistent with some weak,
topographically influenced modeled winds. We conclude that: 1) geographic distribution
may be valuable as ground truth for GCMs, 2) DCA may be useful as ground truth for
both GCM and mesoscale models, and 3) SF may be useful as ground truth for
mesoscale models.
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1. Introduction

[2] Sand dunes are among the most widespread aeolian
features present on Mars. They preserve a unique record of
the interaction between the atmosphere and surface, and
therefore are valuable as ground truth for atmospheric
models. Aeolian dunes form where a source of sand exists,
winds of sufficient strength are available to transport the
sand, and the winds subsequently weaken and deposit the
sand [e.g., Fryberger and Ahlbrandt, 1979; Kocurek and
Havholm, 1993; Kocurek and Lancaster, 1999]. Both the
presence and morphology of sand dunes are sensitive to
subtle shifts in wind circulation patterns and strengths.
Dunes are particularly suited to comprehensive planetary
studies because they are abundant over a wide range of
elevations and terrain types and are well preserved. Even
dunes that no longer respond to contemporary winds yield

information about the conditions under which they formed.
Thus dunes provide a global record of atmosphere/surface
interaction. We hypothesize that the location of dune fields
may record a relatively long-term integration of atmo-
spheric activity across a relatively broad area, preserving
Global Climate Model (GCM)–scale atmospheric trends.
We examine location in two ways, beginning with the
global geographic distribution of the dune fields. Next we
calculate dune centroid azimuth (DCA; see Figure 1), a
measure of the relative position of each intracrater dune
field within its surrounding crater. In contrast, individual
dune morphology, as expressed in slipface orientation (SF;
see Figure 1), may be more responsive to localized
variations in circulation, preserving topographically con-
trolled mesoscale trends. We test this hypothesis by
comparing three dune characteristics: 1) geographic distri-
bution, 2) DCA, and 3) SF, to the NASA Ames Research
Center Mars GCM (referred to hereafter as Ames Mars
GCM) and to the Mars Regional Atmospheric Modeling
System (MRAMS).

2. Background

[3] Over three decades ago, Mariner 9 and Viking images
revealed Martian dune fields, allowing researchers to ex-
amine and map aeolian morphologies [McCauley et al.,
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1972; Cutts and Smith, 1973; Ward et al., 1985] and to
anticipate wind patterns [Ward, 1979; Thomas, 1982; Gree-
ley et al., 1993; Anderson et al., 1999]. More recent studies,
using high-resolution Mars Global Surveyor (MGS) Mars
Orbiter Camera narrow angle (MOC NA) images [Malin et
al., 1992], Mars 2001 Odyssey Orbiter Thermal Emission
Imaging System (THEMIS) visible range (VIS) images
[Christensen et al., 2004], and Mars Reconnaissance Orbit-
er (MRO) High Resolution Imaging Science Experiment
(HiRISE) images [McEwen et al., 2007], have enabled
scientists to reexamine previously mapped dune fields and
to discover new aeolian deposits unresolved by previous
instruments [e.g., Malin et al., 1998; Edgett and Malin,
2000; Fenton et al., 2002, 2003; Bourke et al., 2004;
Hayward et al., 2007a]. Higher resolution images have also
allowed researchers to discern subtle details, such as slip-
face orientation, that improve prediction of wind patterns,
[e.g., Fenton et al., 2003, 2005; Michaels, 2008]. Previous-
ly, we compared the location and morphology of dunes
between 65� S and 65� N to the Ames Mars GCM. While
we observed that agreement was good between GCM and
DCA, GCM and SF-derived wind direction were in poor
agreement for intracrater dune fields, possibly because the
SFs were being influenced by local, topographically con-
trolled winds [Hayward et al., 2007a, 2008]. Greeley et al.
[2006, 2008] examined the orientation of aeolian features
using orbiter images and concurrent surface images from
cameras onboard Spirit, one of the Mars Exploration Rovers
(MER). Feature orientations, when compared to both GCM

and mesoscale modeled wind directions, were found to be
most consistent with MRAMS modeled winds from the
NW. Sullivan et al. [2008] found that the strongest winds
during Spirit’s mission, those winds that raised sand on the
rover deck or caused ripple crests to migrate downwind,
were the rare, stronger, SSE winds that were not as
predictable or repetitive as MRAMS modeled winds. While
such surface observations provide more information, the
relationship between modeled wind direction and wind
direction indicated by aeolian features remains unclear.
Thus further examination of aeolian features and their
relationship to modeled winds is important. In this study
we use a Geographic Information System (GIS) to compare
two scales of modeled winds to three characteristics of
globally mapped dune fields. The comparison tests whether
wind directions indicated by the location and morphology
of dunes are consistent with wind directions simulated by
the GCM and mesoscale atmospheric models of the current
Mars climate.

3. Methods

[4] This section discusses the five elements that are being
compared in our study. We begin with the modeled winds,
progressing from the global scale (Ames Mars GCM) to the
mesoscale (MRAMS). Next we describe the three dune
characteristics, progressing from a global scale (geographic
distribution), to a local scale (DCA and SF). Finally, we
discuss the selection of an appropriate mescoscale model
study site and describe its physical setting.

Figure 1. Example of DCA (red) and SF (yellow). The inset, an enlargement of the south corner of the
dune field, is example of SF. Note variety of orientations of SFs within dune field. CTX image
T01_000857_2581, illumination from bottom. Polar Stereographic projection.
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3.1. Modeled Winds

3.1.1. GCM Wind Direction
[5] The Ames Mars GCM results used here were com-

puted on a global, cylindrically projected grid with a grid
point spacing of 5� � 6� (latitude x longitude). Output was
recorded for each Martian day in one Martian year for
current orbital/axial conditions. Shear stress, wind velocity
and wind azimuth were provided 8 times daily [Haberle et
al., 1999]. We use winds with a shear stress >0.0225 N/m2

for comparison to our directional data. Haberle et al. [2003]
have demonstrated that setting a threshold stress of 0.0225
N/m2 with the Ames Mars GCM will lift dust (through
bombardment from sand saltation) in spatial patterns that
qualitatively agree with observed dust storm occurrences.
While we have chosen this threshold stress value, it is
possible that sustained movement of sand may require long-
term winds significantly above this threshold. If no modeled
winds above the threshold exist for an area, we consider
winds with a velocity > 10m/sec as indicative of potential
sand transport. The height of the modeled wind velocity
varies with pressure and is typically between 3 and 8 m
[Haberle et al., 1999]. Unless otherwise specified, when we
compare GCM to DCA or SF, we consider winds within
360 km of the DCA or SF location.
3.1.2. Mesoscale Model Wind Direction
[6] In contrast to the Ames Mars GCM, MRAMS [Rafkin

et al., 2001] uses significantly higher spatial resolution
topography over a small area, so local topographic effects
can be simulated (horizontal grid spacing �550 m). Tem-
poral resolution is also quite high. Output was recorded
every 20 Martian minutes for two Martian sols (72 times per
sol). Due to the high spatial and temporal resolution, it is
only practical to run the simulation for 2 sols. We do not use
the shear stress >0.0225N/m2 threshold for mesoscale
output because only �1350 of the �1.5 million modeled
winds have a surface stress >0.0225N/m2. We use the less
stringent threshold of wind velocity >10 m/sec and when
focusing on the dune field area, where few winds exceed
10 m/sec, we consider all winds regardless of magnitude.
The height of the modeled wind velocity is 15 m above
ground level.

3.2. Dune Characteristics

3.2.1. Geographic Distribution
[7] Geographic distribution examines the location of the

dune fields on a global scale and is available as a natural
outgrowth of mapping the dune fields. We extract our dune
location data for 65�S to 65�N from the Mars Global Digital
Dune Database (MGD3): MC2-MC29, available as U.S.
Geological Survey (USGS) Open File Report (OFR) 2007–
1158 [Hayward et al., 2007b] (http://pubs.usgs.gov/of/
2007/1158/). North polar (65�N to 90�N) data is taken from
MGD3: MC-1 (will be released as a USGS OFR in 2009).
South polar (65�S to 90�S) dune data is from our prelim-
inary work on the MC-30 portion (65�S to 90�S) of the
database that will be released in 2010. MGD3 was built
from 100 m/pixel THEMIS infrared (IR) band 9 images
covering orbits 816–9601 (02/2002–02/2004; Ls =
0.085�–358.531�), comprising more than 30,000 images,
providing �75% reliable coverage planet-wide. Coverage
improved for the polar areas where higher resolution (35 to
72 m/pixel) THEMIS VIS mosaics were available during

mapping. Because the initial locations of dune fields are
based on THEMIS IR images, only moderate to large size
dune fields are included in the database, with the smallest
dune field being � 1 km2 in area. The absence of mapped
dune fields does not mean that such dune fields do not exist
and does not imply a lack of saltating sand in other areas.
Bright, ripple-like bed forms, commonly known as trans-
verse aeolian ridges, or TARs, [e.g., Wilson and Zimbelman,
2004] are not included in the database.
3.2.2. Dune Centroid Azimuth
[8] Moving from a global scale to a more local scale, we

look at another measure of the location of a dune field, its
relative position within a crater. DCA is the geodesic azimuth
of the line connecting the centroid (geographic center) of the
crater to the centroid of the dune field (Figure 1). Relative
position within the crater might indicate the prevailing wind
direction during the period of dune field migration across a
crater floor. The larger the dune field, the slower its migra-
tion, thus DCA may, in some cases, represent a relatively
long-term integration of atmospheric activity across a rela-
tively broad area. As with geographic distribution, DCAwas
extracted from MGD3.
[9] In larger craters, central peaks, younger impacts or

erosion may create topographic traps or obstructions within
the crater. The resulting crater floor roughness may influ-
ence the location of a dune field more than wind direction.
DCA is most reliable as an indicator of wind direction when
a single dune field occurs within a smooth-floored crater.
More than 400 DCAs have been calculated for the 65�N to
65�S region, with �40 calculated for the 65�N to 90�N
region. These include all crater floor types.
3.2.3. Slipface Orientation
[10] The final dune characteristic, SF, is also extracted

from MGD3 and used to quantify wind direction. The
slipface vector begins on the upwind stoss slope and
terminates on the lee slipface slope (Figure 1), indicating
the direction of sediment transport and therefore the direc-
tion of prevailing winds during the latest period of major
dune modification. Detailed study of slipfaces was beyond
the scope of a global database, so only gross morphology of
dunes formed by unidirectional winds (i.e., barchan, barch-
anoid and transverse dunes) was used to measure slipface
orientation. More than 10,000 raw slipface measurements
are included in the 65�N to 65�S region of MGD3, and more
than 5,000 in the 65�N to 90�N region. For ease of plotting
and comparison to the GCM, individual (raw) slipface
azimuths were averaged within each dune field. It is
common to have evidence of more than one significant
wind direction within a single dune field. When more than
one significant direction exists, we calculate an average for
each significant wind direction. Slipface orientations are not
meant to be used as evidence for current dune activity, nor
to imply age constraints, as many of the identified dunes
may be inactive.

3.3. Mesoscale Study Site

[11] As part of this study, we wanted to select a site where
GCM modeled winds, at the closest GCM grid points, were
above the 0.0225 N/m2 shear stress threshold. We wanted
the winds above the threshold to be in agreement with DCA
and in opposition to SF, indicating the possible influence of
local, topographically controlled winds. We preferred a
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dune field with multiple SF directions, as further indication
of the influence of local winds. We could not find a site that
met all of our criteria. The site we chose includes two small
craters with DCAs of 280� and 288�, each with an intra-
crater dune field displaying multiple SF directions. How-
ever, the nearest GCM grid points do not have modeled
winds above the shear stress threshold, although several
surrounding grid points (within �300 km) do produce

winds above the shear stress threshold. Six of those grid
points with winds above the threshold are north and west of
the site and have an average azimuth of 289�. Two are south
of the site and have an average azimuth of 39�. At the two
grid points nearest the study site (both within �60 km),
where no winds are above the shear stress threshold, we
consider the direction of winds with a velocity >10m/sec
(see GCM methods section for more detail). The modeled

Figure 2. Location of mesoscale model study site. North pole inset map shows location of study site
(yellow box), residual water ice (white), and dune fields (red and pink). GCM above 10 m/sec at Ls = 167
(red, length of arrows proportional to maximum wind speed), and DCA (blue). Study site shown with
MOLA gridded elevation over MOLA hillshade background, elevation ranges from �5000 m (orange) to
�4400 m (purple). Polar Stereographic projection.
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winds above the 10 m/sec threshold show a seasonal
variation. Approximately 75% blow from east to west, with
an average azimuth of 279�, occurring between Ls = 50� and
77� and between Ls = 150� and 190�. The remaining 25% of
the modeled winds blow from west to east, with an average
azimuth of 104�, and occur between Ls = 92� and 97�.
Inspection of the modeled winds showed that the best
agreement between GCM and DCA occurred at Ls =
167�. We chose Ls = 167� for the mesoscale model even
though TES derived temperatures suggest that H2O ice may
be forming at our study site then, with CO2 ice forming
shortly thereafter. The agreement between GCM and DCA
suggests an increased possibility that the sand may still be
mobile. It is possible that the direction of wind that
dominates immediately prior to CO2 ice formation is the
direction that is preserved in dune orientation. While we
cannot assume that both DCA and SF are controlled by
wind at this season, it was a logical place to begin. Figure 2
shows the MRAMS study site area, with the GCM modeled
winds above 10m/sec, from Ls = 167� represented by red
arrows (length of arrows proportional to maximum wind
speed) and DCAs shown by blue arrows. The grid points of
the MRAMS model, run to determine whether a mesoscale
climate model would better predict SF direction, are repre-
sented by small black dots (�1.67 km spacing) and green
dots (�556 m spacing).

4. Results and Discussion

[12] This section discusses the comparison of the geo-
graphic distribution, DCA, and SF of dunes with global
output from the Ames Mars GCM and mesoscale output
from MRAMS. We begin with the comparison of the
geographic distribution to the Ames Mars GCM. For both
DCA and SF, we first discuss the comparison to the Ames
Mars GCM, then the comparison to MRAMS.

4.1. Geographic Distribution

[13] Many factors affect the global pattern of sand depo-
sition and erosion. Attempts have been made to quantify
those factors for specific deserts on Earth [e.g., Kocurek and
Havholm, 1993; Lancaster, 1995]. Kocurek and Lancaster
[1999] describe a sediment state for the Kelso Dunes and
the sediment pathway upwind of the dunes. The sediment
state is based on sediment supply, sediment availability and
the potential of the wind to carry the sand (transport
capacity). During the 20,000 years encompassed by their
study, wind strength was believed to be fairly consistent and
always able to carry the available sand. They concluded that
sediment availability controlled aeolian construction. Al-
though sediment supply and sediment availability undoubt-
edly each play a role on Mars as well, we focus on how the
ability of the wind to move sand may affect the geographic
distribution of dune fields. A similar approach was taken by
Anderson et al. [1999], using Viking images. They devel-
oped a sand transport model based on the Mars general
circulation model (MGCM). Using a threshold stress of
0.024 N/m2, they divided Mars into regions of expected
erosion, expected deposition and no change expected. They
found that, when compared to Viking-based dune field
distribution, their model marginally correlated with dune
field location, with 60% of the observed dunes occurring in

regions expected to have no change, 25% in areas of
expected deposition and 15% in areas of expected erosion.
When GCM winds were compared to polar dunes mapped
by Tsoar et al. [1979], Anderson et al. found a moderate
correlation between areas of expected deposition and dunes.
We update a global comparison between GCM and dune
location, using a more complete inventory of dune fields
and a slightly lower GCM threshold. Figure 3 shows that
dune fields (shown in shades of red and pink) do not
uniformly cover Mars, but are concentrated from 35�S to
80�S and from 70�N to 83�N. Note that dune field outlines
have been exaggerated to make small dune fields easier to
see, so dune fields appear to cover a larger portion of the
surface than is actually covered. Grid points with many
winds above the threshold have high sums (larger circles in
Figure 3) while grid points with few winds above the
threshold have low sums (small circles). Grid points with
no winds above the threshold lack circles and roughly
correspond to Anderson’s areas of no expected change.
There seems to be a general pattern, planet-wide, of dunes
concentrated where few modeled winds exceed the chosen
threshold, while areas with more intense wind activity may
have no dunes at all. The area between 55�S and 70�S is an
exception. Within that latitudinal band dune fields occur in
areas where the shear stress is above the threshold. One
place this occurs is on the west side of Argyre Planitia,
possibly because terrain here is so rough that sand is easily
trapped, even when shear stress values exceed the threshold.
Dune fields in the presence of stronger winds also occur just
west of Hellas Planitia. Although closer inspection (Figure 4)
reveals that most of the dune fields west of Hellas Planitia are
deposited in relatively quiet areas adjacent to the higher
modeled winds.
[14] Dune deposition in areas that lack winds above the

threshold could be due to several factors: 1) the dunes may
not have formed under the modeled wind regime (current
climate), 2) the GCM’s large grid size may have smoothed
out small-scale wind gusts, 3) while winds of saltation
strength are needed to initiate movement and keep sand
moving, too many high winds may keep an area swept clean
of sand, with dunes accumulating where winds are less
intense, or 4) dune field distribution may be primarily
constrained by other factors, such as sediment availability
and topographic traps. The anomalous 55�S to 70�S zone
may support this last explanation.

4.2. Dune Centroid Azimuth

4.2.1. Global Comparison
[15] There are about 340 intracrater dune fields in the

equatorial region (65�S to 65�N), whose DCAs were
calculated and compared to the GCM. The comparison
suggested that agreement varies with diameter of crater,
with smaller craters (<25 km diameter) displaying better
agreement (�65%) [Hayward et al., 2007a]. We hypothe-
size that this is because smaller diameter craters tend to have
smoother floors and lower rims, allowing unimpeded dune
migration, and thus exhibit better correlation between rela-
tive dune location and GCM winds. In the north polar
region we have only documented about 40 craters contain-
ing dune fields. Nearly all are less than 25 km in diameter.
For about 70% of these, the DCA agrees fairly well with the
GCM modeled wind direction. Figure 5, centered at �70�N,
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shows three examples of DCA agreement with GCM
modeled winds in the north polar region. Note that winds
shown were extracted from an entire Martian year’s worth
of output, so each grid point potentially has >5,000 modeled

winds. Only winds with shear stress > 0.0225 N/m2 when
CO2 frost was absent are shown, resulting in only �5
modeled winds per grid point remaining for comparison.
Nearly all of the displayed winds fall within the Ls range of

Figure 4. Area adjacent to western margin of Hellas Planitia. Detail shows that dune fields (red) are
adjacent to higher shear stress area. Graduated white circles represent the sum of shear stresses (above the
0.0225 N/m2 threshold) at each grid point for one Martian year. Grid points with large circles have higher
shear stresses and/or more winds above the threshold. Background is MOLA hillshade. Map is in
Equidistant Cylindrical projection.

Figure 3. Global distribution of dune fields. Dune fields from 65�N to 90�S are shown in red. Dune
fields north of 65�N are shown in red where the dunes continuously cover the dune field, reddish-pink
where dunes cover less than 80% of the dune field, and pink where dunes are widely scattered within the
dune field. Graduated white circles represent the sum of shear stresses (above the 0.0225 N/m2 threshold)
at each grid point for one Martian year. Grid points with large circles have higher shear stresses and/or
more winds above the threshold. Background is MOLA hillshade. Map is in Equidistant Cylindrical
projection and covers 88�S to 88�N.
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Figure 5. Direction of DCA in blue (arrow size increased for visibility), GCM winds over 0.0225 N/m2

for one Martian year in red, with length of arrows proportional to maximum shear stress. MOLA
hillshade background. Polar Stereographic projection.

Figure 6. MRAMS study site. MRAMS modeled winds (Ls � 167�), with magnitude >10 m/sec
(yellow), are absent in portions of both craters. Intracrater dune fields occupy parts of these calmer areas.
Nearly all modeled winds shown have an azimuth between 225� and 275�. The average wind azimuth for
winds >10 m/sec is �260�. HiRISE images PSP_007584_2550 and PSP_009087_2550. Background is
MOLA hillshade. Polar Stereographic projection.
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192� to 211�, and occur between 12.6h and 16.4h local
mean time (LMT).
4.2.2. Mesoscale Comparison
[16] As described in the methods section, at our meso-

scale study site, we compared GCM modeled winds above
10 m/sec to the DCAs and used the GCM to choose Ls =
167� for our MRAMS modeling. GCM winds from Ls =
167�, shown in Figure 2, agree with the DCA and occurred
at no preferred LMT. Figure 6 shows that, for each crater,
most of the SW quadrant has no modeled winds greater than
10 m/sec. If the wind patterns from this season were
representative of an entire year, the pattern would suggest
that saltating sand might be dropped in the calmer SW
quadrant. However, seasonal variations doubtless exist
[Fenton et al., 2005], which may partially explain why
dune fields do not lie entirely within the portions of the
craters that are calmer at Ls = 167�. This topographically
controlled level of detail is not seen in GCM scale winds.
Although the mesoscale modeled winds shown here only
span 2 sols, the winds suggest that the relative location of
dune fields within craters may be useful as ground truth for
mesoscale models. More mesoscale modeling would be
needed at different seasons to see if longer term MRAMS
modeled wind patterns fully explain dune field location. To
determine whether mesoscale wind directions within the
calmer regions coincide with DCA, we compare DCA to
MRAMS modeled winds of all magnitudes (at Ls = 167�).
Figure 7 shows an example, at 8.447 h LMT, when winds
align with the general direction of dune migration. While

these details are intriguing, conclusions cannot be based on
modeled winds from a single Ls and a single LMT.
However, we can conclude that the wind regime is far more
complicated than the modeled GCM winds suggest, that
MRAMS scale is potentially compatible with DCA, and that
higher resolution modeling can give us much more realistic
detail, especially in topographically complex areas.

4.3. Slipface Orientation

4.3.1. Global Comparison
[17] When comparing SF to GCM winds in the equatorial

region, we found that agreement (�40%) was not as good as
that of DCA and GCM winds (�65%), possibly because the
crater walls affect local winds, and therefore dune morphol-
ogy. A logical test of this would be to look at intercrater
dunes. They are scarce in the equatorial region, but do show
a somewhat better correlation (50%) to the GCM output. In
the north polar region, for intracrater dunes, the SF to GCM
agreement rate is only about 40%. For dunes in the
circumpolar erg, agreement is very good in some areas,
especially in the southern part of the erg (70�N to 75�N)
between 250�E and 340�E. A notable exception occurs
when slipface evidence suggests that winds locally funnel
down chasmata. The GCM does not reflect this because the
model grid spacing is too coarse to spatially resolve
features, such as the chasmata, on Planum Boreum.
4.3.2. Mesoscale Comparison
[18] MRAMS modeled winds show that the topography

of the craters greatly affects diurnal changes in wind flow

Figure 7. Eastern crater at MRAMS study site. MRAMS modeled winds at Ls � 167� are represented
by red arrows. All magnitudes are shown, including those below the discussed thresholds. Length of
arrow does not signify magnitude of wind. LMT = 8.447h. DCA direction (blue) is consistent with
modeled winds from the SE. Background is MOLA gridded elevation, overlain by HiRISE image
PSP_009087_2550. Polar Stereographic projection.
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direction. Modeled winds in the late afternoon to evening
hours agree, for short periods of time, with SF direction.
Figure 8 shows the dune field in the eastern crater of the
study site. Three SF directions, averaged from �100 mea-
sured SFs, are shown in yellow. At this time of night,
0.781h LMT, the wind pattern is complex, showing some
agreement with all three SF directions. However, as dis-
cussed in the preceding paragraph, the winds near the dune
field are extremely weak and could probably not transport
sand. The fact that modeled wind directions, though weak,
sometimes agree with the varied SF directions is encourag-
ing. We theorize that a change in season or climate may
result in stronger winds, although confirming this would
require many more computationally expensive MRAMS
simulations than is feasible for the present work. However,
even if significantly stronger winds were not predicted by
the mesoscale model, it is important to understand that the
winds modeled using a grid spacing of �556 m are still
spatial mean values (implicitly spatially averaged over
�5562 m2), and such a grid spacing is not able to resolve
the turbulent boundary layer structure/processes that may
result in sporadic turbulent gusts (along with vortices such
as dust devils) of significant magnitude. Such unsteady
turbulent magnification of the wind can occur both at night
(particularly near topographic obstacles) and during the day
(nearly anywhere that is sunlit). Evidence that such small-
scale, stochastic gusts occur includes the sporadic events
that have cleaned significant amounts of accumulated dust
from the decks of the MER rovers [Sullivan et al., 2008],

and the sand movement observed by HiRISE images and
the MER rover Opportunity near Victoria crater [e.g.,
Bridges et al., 2007]. In both of these examples, mesoscale
model runs [e.g., Rafkin and Michaels, 2003] have indicated
no propensity for particle saltation. Fenton and Michaels
[2008] demonstrated that when MRAMS indicated no
particle entrainment should occur, convective activity mod-
eled in MRAMS large eddy simulation (LES) produced
winds above an estimated saltation threshold. On Earth,
McKenna Neuman et al. [2000] made rapid (10s) measure-
ments of sediment transport and wind speed on the stoss
side of a dune. They found that wind gusts of short duration,
associated with turbulence, moved very little sediment and
contributed very little to dune modification. However, on
Mars, where the atmospheric density is much lower, sand
may only move through infrequent events in which the
mean wind is enhanced by turbulence. The few wind events
that cleaned Spirit and Opportunity’s solar panels and
caused ripple movement may be examples of turbulence
enhanced mean winds. We have observed (in Mars micro-
scale modeling work) that the strongest dry convective gusts
(associated with the leading edge of convective cells; dust
devils excluded) travel in the same direction as the mean
wind. In the absence of mean winds that can saltate particles
and in the absence of any other significant process that can
destroy piles of sand faster than they can be built up, gusts
may be able to produce organized dune patterns. Atmo-
spheric models are just beginning to resolve turbulence.

Figure 8. Eastern crater at MRAMS study site. MRAMS modeled winds at Ls � 167� are represented
by red arrows. All magnitudes are shown, including those below the discussed thresholds. Length of
arrow does not signify magnitude of wind. LMT = 0.781h. Average SF directions (yellow) are consistent
with modeled winds from the SSE, SW, and ESE. Background is MOLA gridded elevation, overlain by
HiRISE image PSP_009087_2550. Polar Stereographic projection.
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Modeling turbulent flow in our study area may help explain
the presence and orientation of the intracrater dunes.

5. Summary

[19] Three possible records of atmosphere/surface inter-
action are presented here; geographic distribution of dune
fields, DCA, and SF. The geographic distribution of dune
fields may be a broad brush indicator of long-term regional
atmospheric trends, making it valuable as ground truth for
GCMs. Concentrations of dune fields are highest north of
70�N and south of about 35�S, which indicates that in these
areas 1) a sand source was available, 2) atmospheric activity
was great enough to allow sand transport, and 3) where
dune fields are now located, atmospheric activity dropped
enough to cause the sand load to be deposited. Dune
Centroid Azimuth (DCA), when calculated for dunes in
smooth-floored craters, agrees moderately well with GCM
wind directions. DCA may be a fairly reliable record of
regional (GCM scale) atmospheric activity for the southern
hemisphere, where intracrater dunes dominate. Mesoscale
modeled winds retain much of the regional (GCM) signal,
while incorporating the effects of crater topography. Thus
DCA can be valuable as ground truth for both GCM and
mesoscale models. Agreement between Slipface Orientation
(SF) and GCM wind directions in intracrater dune fields is
not as strong as between DCA and GCM wind directions,
suggesting that crater topography may influence local winds
that control slipface development. Where local topography
is less important (e.g., parts of the north polar erg) SF may
more closely reflect the regional wind regime. Modeled
winds at our MRAMS study area showed topographically
controlled diurnal fluctuations on a scale (grid spacing
�550 m) that would be appropriate for comparison to SF.
Furthermore, at 0.781h LMT, MRAMS wind directions
were partially consistent with observed SF directions. Lim-
itations inherent in having only two sols of MRAMS output,
combined with a lack of MRAMS winds above saltation
strength, lead to inconclusive results. However, even with
these limitations, our study demonstrates that MRAMS is
capable of modeling wind variability that may be consistent
with observed complex SF patterns. Thus we are encour-
aged that SF may be useful in testing such mesoscale
models. More MRAMS modeling is needed, at different
seasons and obliquities, or with LES to evaluate the
usefulness of SF as mesoscale ground truth.

6. Future Work

[20] Although agreement between our observations and
modeled wind directions are encouraging, the lack of strong
modeled winds in dune fields needs further investigation.
MRAMS modeling at different seasons or at different orbit/
axis conditions may reveal higher winds, more capable of
forming dunes, and modeling that includes LES may
demonstrate that turbulence plays an important role in
moving sand. With more complete modeling, we could
better assess the value of dunes as ground truth. In addition,
expansion of the database to include a broader scope of
aeolian features that form on different time scales (e.g.,
transverse aeolian ridges, yardangs, ventifacts, wind streaks

and dust devil tracks) would make the database a more
powerful tool for atmospheric modelers.
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